This study evaluated the antioxidant ability of Taisung No. 3 mulberry leaf extract (MLE) as well as the potential of mulberry leaf (ML)-based dietary supplementation for modulating the antioxidative status of laying hens. The results showed that the MLE had a total phenolic compound content of 7.4 ± 0.15 mg of gallic acid equivalent/g dry weight (DW) and a total flavonoid content of 4.4 ± 0.19 mg of quercetin equivalent/g DW. The 2, 2-diphenyl-1-picrylhydrazyl free-radical-scavenging ability was 45.9% when 0.1 mg/mL MLE was added. The lipid oxidation inhibition ability was 43.9% when 50 mg/mL MLE was added. We subjected 96 laying hens (Hendrix Genetics) to 4 treatments, namely diets supplemented with dry ML at 0 (control), 0.5, 1, or 2% for 12 weeks. Each treatment involved 8 replicates with 3 hens each. The results indicated that the 0.5% ML-supplemented group exhibited significantly higher mRNA levels of antioxidant-regulated genes, such as Nrf2, HO-1, and GST, and significantly lower ROMO1 gene expression levels at wk 12. The serum malondialdehyde level was lower and the catalase activity and superoxide dismutase activity were higher in all the ML-supplemented groups than in the control group. The egg mass and feed conversion rate significantly improved in the ML-supplemented groups compared with the control group, and, overall, 1% ML supplementation had the most favorable effects at one to 12 weeks. The egg yolk weight, shell weight, shell strength, shell thickness, yolk color, and Haugh unit were increased among all ML-supplemented groups at one to 12 weeks. On the basis of these observations, we conclude that 0.5% ML can be used as a new feed additive to potentially modulate the antioxidative status of laying hens and improve their production performance and egg quality.
INTRODUCTION
Oxidative damage is a major concern in poultry production. It occurs when exogenous or endogenous reactive oxygen species (ROS), which are associated with free radical formation and oxidative stress, overwhelm the antioxidant capacity of cells and extracellular spaces, thereby disrupting the redox balance of cells by influencing enzyme activation, signal transduction, and gene expression (Shin et al., 2013) . Chick embryos and hatchlings may be subjected to oxidative stress caused by their rapid growth and oxidative metabolism associated with the production of large quantities of free radicals and other reactive oxygen metabolites (von Schantz et al., 1999) . These necessitate developing integrated antioxidant systems in chicken tissues, which can be enhanced through maternal diet (Radwan Na-C dia et al., 2008) . The oxidative stability of shell eggs during storage and food processing is essential. During oxidation, several compounds may form and adversely influence the overall quality of eggs, including their flavor, taste, and nutritional value; moreover, oxidation can produce toxic compounds in eggs (Vercellotti et al., 1992) . In addition, a major percentage of the world's poultry population is located in regions where heat stress is a serious management problem that compromises antioxidant status, as reflected by increased oxidative stress levels and lipid peroxidation as well as reduced plasma concentrations of antioxidants (Sahin et al., 2013) . These debilitating factors consequently reduce the health and safety of poultry and simultaneously adversely influence production parameters such as live weight, feed efficiency, egg production, egg quality, eggshell quality, fertility, hatchability, and survival, thus causing heavy economic losses (Zaviezo, 1999) . Therefore, oxidant status is a major consideration in the poultry industry and poultry research.
Interest in using phytogenic substances and botanical materials is increasing because these substances 1191 are considered safe and environmentally friendly in addition to being effective in improving laying performance and egg quality because of their beneficial bioactive compounds (Akdemir et al., 2012) . Most of these plant-derived chemical compounds, collectively called phytochemicals, have pronounced chemopreventive and antioxidant activities . If natural antioxidants are used as substitutes for synthetic antioxidants, consumer demand for food products without harmful residual substances can be satisfied, and the poultry industry would benefit considerably (Giannenas et al., 2010) . Mulberry, genus Morus (Moraceae), is a plant with valuable but low-cost leaves that have therapeutic applications in traditional medicine for treating diabetes, hyperlipidemia, hypertension, and neutral fat levels (Wu et al., 2013) ; these medical effects are mainly linked to the leaves' phenolic composition, which has effective antioxidant properties (Gundogdu et al., 2011) .
Targeting intracellular signaling cascades to achieve chemoprevention is rational and pragmatic because excessive ROS often disrupts the cellular signaling network by inactivating cell proteasomes and proteasome overloading, which eventually leads to cell death (Halliwell, 2002 , Calabrese et al., 2006 . Numerous molecules and events are involved in relaying intracellular signals. Both external and endogenous stimuli turn on or switch off critical events of this relay, thereby transmitting appropriate signaling to diverse downstream target molecules in a highly sophisticated fashion to fine-tune cellular homeostasis . In elucidating molecular mechanisms underlying the antioxidant actions of dietary phytochemicals, components of signal transduction pathways are potential targets. Numerous phytochemicals can easily pass into and accumulate in animal tissue, thus exerting positive health and stabilization benefits in poultry products by directly modifying specific molecular targets in multiple cell signaling pathways or by indirectly affecting metabolic pathways as stabilized conjugates (Akdemir et al., 2012) .
Little is known about the action mode of mulberry leaves in laying hens. On the basis of the aforementioned considerations, this study was conducted to elucidate the mechanism by which supplemental mulberry leaf (ML) powder improves production performance and potentially modulates antioxidative status in laying hens.
MATERIALS AND METHODS

Preparation of ML Extract
MLs were obtained from the Miaoli District Agricultural Research and Extension Station of the Council of Agriculture, Executive Yuan. The leaves were dried using cool air for 3 d and ground into fine powder (particle size, approximately one mm) before being added to feed. The ML powder was weighed and added to distilled water, which was then left to stand at 95
• C for one hour. The solution was then filtered (Advantec No. 1, Tokyo, Japan) to obtain the ML extract (MLE), which was stored at −20
• C for further analysis.
Quantification of Bioactive Compounds
The total phenolic contents were determined using a Folin-Ciocalteu reagent according to the method described by Kujala et al. (2000) . Briefly, 0.5 mL of Folin-Ciocalteu reagent was mixed with 50 μL MLE and one mL 7.5% sodium carbonate and allowed to react for 30 min at room temperature (RT); subsequently, an equation obtained from the standard gallic acid (GA) graph was used to determine the phenolic compounds of the MLE (milligram of the GA equivalent, mg GAE), by comparison with a GA standard. The flavonoid content of the MLE was determined through the colorimetric method. Briefly, 0.5 mL of the MLE in methanol was mixed with methanol, 10.0% aluminum chloride (AlCl 3 ), and one M potassium acetate and left at RT for 30 min. The absorbance of the reaction mixture was measured at 415 nm with a spectrophotometer, and the calibration curve was obtained by preparing quercetin solutions (Chang et al., 2002) . The flavonoid content was presented as micrograms of quercetin equivalent (QE). The selected phenolic compounds were determined using high-performance liquid chromatography (HPLC). The MLE was lyophilized and dissolved in methanol. The solution was then filtered through a 0.22-μm membrane filter and subsequently analyzed using an HPLC instrument (HI-TACHI, Kyoto, Japan) equipped with a pump (L-2130), UV detector (L-2490), column (Transgenomic CARBOSep CH0682 Pb, 300 mm × 7.8 mm), and computer system with HPLC D-2000 Elite. The sample injection volume was 20 μL. Chromatographic peaks in the samples were identified by comparing their retention times and UV spectra with the reference standards (GA, caffeic acid [CA], epicatechin [EC] , and gallocatechin gallate [GCG] ). Working standard solutions (20 μL) were injected into the HPLC instrument to obtain peak area responses. A standard curve and calibration formula for each component was prepared by plotting concentrations vs. areas. Quantification was conducted according to the integrated peak areas of the sample and corresponding standard curves.
Determination of Trolox Equivalent Antioxidant Vapacity
Trolox equivalent antioxidant capacity (TEAC) was tested according to the method described by Gyamfi et al. (1999) . First, 0.25 mL peroxidase (4.4 U/mL), 0.25 mL H 2 O 2 (50 mM), and 1.5 mL distilled water were mixed as the TEAC reagent. The solution reacted in darkness for one h before use. Stock solutions of Trolox (standard) were prepared in ethanol. Moreover, 10 μL of each sample and Trolox were added to 90 μL of an ABTS solution, and the absorbance at 750 nm was measured in time. The measured absorbance was compared with a blank in which 10 μL of the solvent was added to 90 μL of the ABTS solution. The reduction in absorbance 10 min after the addition of the antioxidant was determined. The TEAC of the antioxidant was calculated by relating this drop in absorbance to that of a Trolox solution on a molar basis. The results were calculated and plotted with respect to the concentrations of ascorbic acid and MLE and expressed in millimolar (mM) of Trolox antioxidant equivalent per gram.
Ferrous Chelating Capacity Assay
The ferrous ion chelation activity of the MLE was investigated according to the method of Dinis et al. (1994) . Briefly, 0.25 mL MLE was mixed with 0.025 mL 2 mM ferrous chloride solution and 0.925 mL methanol. After 30 min of incubation at RT, 0.05 mL 5 mM ferrozine was added to initiate the reaction, and the mixture was then left to stand at RT for 10 minutes. When the reaction was completed, the absorbance of the mixture was measured spectrophotometrically at 562 nm. The inhibiting percentage of ferrozine-Fe 2+ complex formation was calculated according to the following formula:
where A0 is the absorbance of the control and A1 is the absorbance of the MLE and EDTA. The control contained ferrous chloride, ferrozine, and complex formation molecules.
Determination of Reducing Power
The reducing power of the MLE was measured using the method described by Oyaizu (1986) . The MLE was mixed with phosphate buffer (0.2 M, pH 6.6) and potassium ferricyanide (1%). The mixture was incubated at 50
• C for 20 minutes. The reaction was terminated by adding 2.5 mL 10% trichloroacetic acid. The 5 mL upper layer of the solution was then mixed with the same volume of distilled water and 0.1% ferric trichloride. After 10 min of incubation, the absorbance was measured at 700 nm by employing a spectrophotometer; ascorbic acid was used as a control. Increased reaction mixture absorbance indicated greater reducing power.
1, 1-Diphenyl-2-picrylhydrazyl) Free Radical Scavenging Capacity Assay
The free radical scavenging ability of the MLE was investigated according to the method of Blois (1958) . 1, 1-Diphenyl-2-picrylhydrazyl (DPPH) ethanol solution (0.1 mM) was prepared and added to the MLE at different concentrations (0-1.0 mg/mL). After 30 min of incubation, the absorbance was measured at 517 nm against ascorbic acid. A lower reaction mixture absorbance indicated higher scavenging capacity. The scavenging effect was calculated using the following equation:
where A0 is the absorbance of the control reaction and A1 is the absorbance in the presence of MLE.
Determination of Liposome Oxidation Inhibiting Ability
The inhibitory effect of the MLE on liposome oxidation was tested using the method described by Yen et al. (2002) . Briefly, 300 mg lecithin was mixed with 30 mL phosphate buffer (pH 7.4), and the solution was sonicated in an ultrasonic cleaner until it was completely emulsified. Subsequently, the emulsified solution (0.5 mL, 10 mg lecithin/mL) was mixed with 400 mM ferric trichloride (0.5 mL), 400 mM ascorbic acid (0.5 mL), and the MLE at different concentrations. The mixture was incubated for one h at 37
• C, and the oxidation level was measured using the thiobarbituric acid (TBA) method described by Tamura and Shibamoto (1991) . The absorbance was measured at 532 nm against butylated hydroxytoluene (BHT). The inhibition rate was calculated using the following equation:
where A0 is absorbance of the control reaction and A1 is the absorbance in the presence of MLE.
Animals and Experimental Design
A total of 96 22-week-old laying hens (HENDRIX) were randomly assigned to f4 treatment diets for 12 wk: 0 (control), 0.5, 1, and 2% ML supplementation in the diets. Each treatment involved 8 replicates of 3 birds in individual wire cages (43 × 40 × 60 cm). The temperature was set at 25
• C and relative humidity at 55%. Table 1 shows the ingredient composition and nutrient content of the basal diet. The diets were formulated to meet or exceed the nutrient requirements of laying hens (National Council, 1994) . The proximate composition was analyzed according to the AOAC (1980). The experimental protocols were approved by the Animal Care and Use Committee of National Chung Hsing University. Feed and water were provided ad libitum, and the light regimen was 16 h of continuous light per day. Eggs were collected, and the egg-laying rate and average egg weight were recorded daily. Feed consumption was recorded on a replicate basis at weekly intervals and calculated as gram/d/bird. The feed The control group was fed the basal diet (cornsoybean meal). The other groups were fed the basal diet supplemented with 0.5, 1, or 2% dry mulberry leaves.
2 Diet composition per kilogram of feed: vitamin A, 8,000 IU; vitamin D, 1,500 IU; riboflavin, 4 mg; cobalamin, 10 μg; vitamin E, 15 mg; vitamin K, 2 mg; choline, 500 mg; niacin, 25 mg; manganese, 60 mg; zinc, 50 mg; iron, 50 mg; copper, 3 mg; selenium, 0.26 mg.
conversion rate (FCR) was calculated on a weekly basis for each treatment, and it was expressed as kilograms of feed consumed per kilograms of eggs produced. Six eggs were collected randomly in each replicate every Sunday to measure the egg quality during the experimental period. The shell, albumen, and yolk weights were measured separately. Eggshell strength was evaluated using an eggshell strength tester (DET 6000, NABEL Co., Ltd., Kyoto, Japan). A constantly increasing load was applied to an egg lying lengthways, and the eggshell strength was determined according to the time of breakage. Haugh unit values were calculated using the Haugh unit formula according to the albumen height, determined using an albumen height analyzer (DET 6000, NABEL Co., Ltd., Kyoto, Japan), and egg weight. Eggshell thickness was determined as the mean of measurements at 3 locations on the eggs (sharp end, blunt end, and middle section) by using a dial pipe gauge (Ozaki MFG Co., Ltd., Tokyo, Japan).
Peripheral Blood Mononuclear Cell Isolation
Whole blood (5 mL) was collected via wing vein puncture into a tube containing 1% EDTA. The blood was layered on 1077 Histopaque (Sigma, 10771) and centrifuged at 200 × g for 10 minutes. Peripheral blood mononuclear cells (PBMCs) were collected from the gradient interface; the plasma suspension was combined and washed 3 times with phosphate buffered saline and then centrifuged at 200 × g for 10 min. After the suspension was removed, one mL Trizol reagent (Invitrogen, Waltham, Massachusetts) was added, and the result was stored at −80
• C.
RNA Isolation and Quantitative Reverse Transcription-polymerase Chain Reaction
Total RNA was isolated from cultured PBMCs by using the Trizol reagent (Invitrogen, USA) according to the manufacturer's protocol for the determination of mRNA expression. Determinations of total RNA concentration and purity, cDNA synthesis, and qPCR analysis were performed and modified through the method of Lin et al. (2014) . The designs of gene-specific primers were implemented according to the genes of Gallus gallus (chickens); Table 2 lists the features of the primer pairs. After the normalization of gene expression data through the calculated GeNorm normalization factor, the means and standard deviations (SDs) were calculated from normalized expression data for samples of the same treatments.
Serum Biochemical Determination
For assessing serum antioxidant enzyme content and activities, blood was collected from the same layer per replicate (24 birds for each group) at wk 4, 8, and 12 from the wing vein by using a sterilized syringe and needle. After the serum was separated naturally, it was centrifuged for 30 min (3,000 × g) at 4
• C, and serum samples were stored at −4
• C for 2 d until analysis. Catalase (CAT) activity, superoxide dismutase (SOD) activity, and serum malondialdehyde (MDA) levels were measured calorimetrically using a spectrophotometer. The procedures were conducted using an assay kit purchased from Cayman Chemical Co. (Ann Arbor, MI). Briefly, CAT assaying was performed by adding 100 μL diluted potassium phosphate buffer (100 mM, pH 7.0), 30 μL methanol, and 20 μL serum to each wells of a 96-well plate. The reaction was initiated by adding 20 μL hydrogen peroxide (0.03 M) to all the wells, followed by incubation on a shaker for 20 min at RT. The reaction was terminated by adding 30 μL CAT purpald. After 10 min of incubation on a shaker at RT, 10 μL CAT potassium periodate was added and incubated for 5 min at RT on a shaker. When the reaction was complete, the absorbance of the mixture was measured spectrophotometrically at 540 nm by using a plate reader. The formaldehyde content was obtained using the standard curve and the CAT activity was calculated by following the manual provided with the assay kit. One unit of CAT was defined as the amount of enzyme that would cause the formation of 1.0 nmol formaldehyde per min at 25
• C. The SOD activity was detected by adding 200 μL radical detector and 10 μL serum to the wells, and the reaction was started by adding 20 μL xanthine oxidase. After incubation on a shaker at RT for 30 min, the absorbance was measured at 440 nm by using a plate reader. The SOD activity was calculated according to the manual provided with the assay kit. One unit of SOD activity was defined as the amount of enzyme required to exhibit 50% dismutation of the superoxide radical. MDA concentration was tested by mixing 100 μL SDS solution with 100 μL sample and 4 mL color reagent containing thiobarbituric acid. The mixture was boiled for one h and then immediately cooled using an ice bath to stop the reaction. After incubation in the ice bath for 10 min, the mixture was centrifuged for 10 min at 1600 × g at 4
• C and the supernatant was measured using a colorimeter at 540 nm. The MDA concentration of serum was calculated following the manual provided with the assay kit. The entire reagent was provided and adjusted to the finest concentration by using the assay kit. Antioxidant enzyme activities were expressed as unit (U) per milliliter of serum. 
Statistical Analyses
The collected data were analyzed by performing ANOVAs for completely randomized designs and executing the general linear model procedure implemented in SAS software. Additionally, the data were conducted using contrasts to measure the linear and quadric effects of increasing concentration of ML. Table 3 shows the concentration of bioactive compounds in ML, indicating that it demonstrated a total phenolic compound content of 7.4 ± 0.15 mg of GAE/g DW and total flavonoid content of 4.4 ± 0.19 mg of QE/g DW. This table also presents the concentration of selected phenolic compounds. The GA, CA, EC, and GCG contents of ML were 410.2 ± 3.81, 227.5 ± 4.33, 271.3 ± 1.64, and 525.3 ± 0.84 g/g DW, respectively. Figure 1 shows the TEAC value of the MLE, indicating that the TEAC observed when 2.5 mg/mL MLE was added was approximately equivalent to that associated with 0.05 mg/mL ascorbic acid. Figure 2A illustrates the ferrous iron chelating capacity of the MLE. Compared with 0.5 mg/mL EDTA, adding one mg/mL MLE exerted an equivalent of a 71.6% chelating effect. The increasing chelating capacity of MLE decreased when the MLE concentration exceeded 1.5 mg/mL and increased only slightly with the concentration. 
RESULTS
Bioactive Compounds and TEAC Value in ML and MLE
Ferrous Iron Chelating Capacity
Reducing Power
The reducing power of the MLE is shown in Figure 2B . Ascorbic acid reached the maximum reducing power (A700 value) at 0.5 mg/mL, and it did not increase further with increasing concentration. The reducing power exhibited when 25 mg/mL MLE was added was equivalent to 84% of that associated with 0.5 mg/mL ascorbic acid. Figure 2C shows the DPPH radical scavenging capacity of the MLE. This capacity increased as the concentration increased from 0 to 0.1 mg/mL and to slightly above 0.1 mg/mL. At 0.1 mg/mL, the scavenging effect of BHT was 91.8%, and the MLE exhibited scavenging effects of 45.9 and 51.2% at 0.1 and 0.25 mg/mL, respectively.
DPPH Radical Scavenging Capacity
Inhibition of Liposome Oxidation
The inhibitory ability of the MLE in a liposome system, as indicated by ferric chloride and BHT and measured using the TBA method, is plotted in Figure 2D . The inhibitory ability of the MLE was 43.9% at 50 mg/mL, which was approximately 55.3% of the inhibitory effect of BHT at 6.25 mg/mL. Moreover, the inhibitory ability of the MLE increased by only 12% from 50 to 100 mg/mL, indicating a practically stationary state. Table 4 shows the effects of dietary ML on laying performance in hens at one to 12 wk of age. No mortality occurred in the hens and all hens seemed healthy throughout the study period. Egg mass showed a significant linear and quadratic response during wk 9 to 12. The FCR of the laying hens showed a significant linear and quadratic response during wk 9 to 12 and during the overall period of the experiment (12 wk). Table 5 presents the effect of dietary ML on egg traits in the laying hens at one to 12 wk of age. During the first one to 4 wk, eggshell weight and shell thickness showed both linear and quadratic response, while yolk weight and shell strength increased linearly with increasing concentrations of ML. Egg weight, yolk color score, and Haugh unit responded in a quadratic manner due to the treatment. At 5 to 8 wk, treatments exerted linear and quadratic effects on eggshell weight, shell thickness, and yolk color score while egg weight and shell weight showed linear response. A quadratic effect of ML on egg yolk weight and albumen weight also was observed during 4 to 8 weeks. During 9 to 12 wk, egg weight, albumen weight, eggshell weight and yolk color score showed both linear and quadratic responses due to the addition of ML in the diet of laying hens. Shell thickness and Haugh unit showed linear response while quadratic effect was observed in egg yolk weight. During the overall period of the trial, egg weight, egg yolk weight, eggshell weight, eggshell strength, yolk color score, and Haugh unit were affected linearly and quadratically by the treatments, while albumen weight and shell thickness showed quadratic response. Figure 3 illustrates the effects of ML on the expression levels of antioxidant response-related transcription factors in chicken PBMCs at 12 weeks. The expression levels of nuclear factor (erythroid-derived 2)-like 2 (Nrf2), heme oxygenase-1 (HO-1), and glutathione S-transferase (GST) in the laying hens supplemented with 0.5% ML were significantly increased, whereas the 1% ML-supplemented group demonstrated a significantly higher expression of only HO-1 compared with the control group. The expression level of reactive oxygen species modulator protein 1 (ROMO1) was significantly lower in all the ML-supplemented groups than in the control group. Compared with the control group, the 2% ML-supplemented group did not exhibit significantly altered expression levels of Nrf2, HO-1, GST, and NADPH oxidase 1 (NOX1). Table 6 shows the effects of dietary ML supplementation on serum antioxidant enzyme activities in the laying hens at 4, 8, and 12 weeks. MDA level and SOD activity responded linearly and quadraticly at the fourth and eighth weeks. At the twelfth week, SOD activity showed a significant linear response and CAT activity had a significant quadratic response, while the MDA level responded in both linear and quadratic manners significantly.
Performance
Egg Quality
Relative mRNA Concentration of Antioxidant-regulated Genes in Chicken PBMCs
Serum Antioxidant Enzyme Activities
DISCUSSION
The proven and effective biological activities of ML are attributable to the leaves' antioxidant phenolics and flavonoids (Gundogdu et al., 2011) . Such leaves can chelate metal ions and scavenge free radicals, thereby preventing cellular damage and lipid peroxidation (Andallu et al., 2014) . Antioxidants can be classified into 4 categories according to their operating mechanisms: chain breaker, peroxide decomposer, metal chelator, and reactive oxygen scavenger (Krin- , 1992) . Notwithstanding the specific classification for the antioxidants, plant polyphenols are multifunctional and can act as reducing agents, hydrogendonating antioxidants, and singlet oxygen quenchers (Rice-Evans et al., 1996) . Roginsky (2003) also reported that plant polyphenols (e.g., catechin) exhibit chainbreaking antioxidant activities. GA has received considerable attention because of its multiple biological and pharmaceutical applications such as antimutagenicity, anti-inflammation, antibacterial properties, antiviral properties, and anticancer properties in addition to its protective effects against cardiovascular diseases (Thompson and Collins, 2013) . CA is a simple phenolic acid and catechol that acts as an oxygen radical scavenger and chain breaker (Laranjinha et al., 1994) . CA has been reported to demonstrate strong antioxidant activity both in vitro and in vivo (Nardini et al., 1995; Arivarasu et al., 2013) . EC is found in plants and contains abundant flavonoids that have been reported to mitigate oxidative stress in rats (Prince et al., 2015) . GCG has been categorized as a transcatechin, which is more effective in scavenging singlet oxygen than its cis-catechin, epigallocatechin gallate (EGCG; Guo et al., 1999) . Thabti et al. (2012) reported that the CA content of Tunisian Morus species extracted using 50% methanol ranged from 1,640 to 15,840 μg/g DW and that the total phenolics and total flavonoids ranged from 8.98 to 31.48 and from 53.36 to 85.4 mg/g DW, respectively. A study on green tea aqueous extract revealed that the GA, EC, and GCG contents ranged from 390 to 1665, 725 to 4770, and 255 to 510 mg/g DW, respectively. In the present study, we also detected these functional components at levels within the ranges reported by the aforementioned studies that have observed different plant species through dissimilar extraction methods. Andallu et al. (2014) reported that 0.25 mg/mL MLE obtained using ethanol had a 90% DPPH scavenging capacity. Smith et al. (1992) noted that the chelating effect of metal ions plays a major role in protecting deoxyribose against degradation and inhibits the ferric ion reducing capacity of Polystachya laxiflora leaf ethanol extracts. Moreover, Umar et al. (2014) reported that 0.1 mg/mL P. laxiflora leaf ethanol extracts exhibited a reducing power that was 28.6% of that of ascorbic acid at the same concentration. In the present study, the indicated antioxidant properties in terms of TEAC (Figure 2 ), metal chelating capacity ( Figure 1A) , free radical scavenging capacity ( Figure 1C) , and inhibitory ability in a lipid peroxidation chain reaction ( Figure 1D ) demonstrated that the MLE contained abundant phenolic and flavonoid components (including GA, CA, EC, and GCG) that potentially exerted in vitro antioxidant activities that may introduce the revalorization of this underused vegetal material. Our findings do not suggest that ML antioxidant properties are limited to a single antioxidant mechanism.
To limit the potential toxicity of ROS, cells develop nonenzymatic and enzymatic antioxidant systems. Enzymatic antioxidants are synthesized and regulated endogenously and are essential indices of the oxidative status of animal tissues (Jiang et al., 2007; Giannenas et al., 2010) . SOD and CAT are 2 of the endogenous antioxidant enzymes constituting the antioxidant cellular enzymatic system (Blokhina et al., 2003) . SOD catalyzes the dismutation of O 2 -to H 2 O 2 and O 2 , and also functions in conjugation with CAT, which converts (Weiss, 1986) . The elevated SOD activities in the hens that were fed ML-supplemented diets in our study indicated augmented capacity levels in their extracellular antioxidant enzymatic systems. Similarly, Ting et al. (2011) observed that dietary supplementation of hesperetin and naringenin, flavonoids from citrus, could improve the serum antioxidant status as measured by CAT and SOD values. MDA is one of the end products of lipid peroxidation; hence, the development of oxidative injury engendered by the elevated formation of free radicals could be indicated by the serum concentration of MDA (Sumida et al., 1989) . Jiang et al. (2007) indicated that dietary supplementation of soybean isoflavone, a highly antioxidant product derived from soybean, could reduce MDA levels and increase SOD activity. Moreover, positive changes in serum MDA and SOD levels were reported by Lien et al. (2008) in a study of laying hens that were fed citrus flavonoids. Diminished lipid peroxidation by ML is a reflection of the free radical scavenging activity and antioxidant capacity supported by the in vitro antioxidant properties of ML. Consequently, the higher SOD activity in the ML-supplemented groups in the present study may increase the capacity of the laying hens to scavenge free radicals and ROS in addition to reducing MDA concentration to prevent lipid peroxidation. Jang et al. (2004) and Lee et al. (2003) have mentioned that various herbs and their extracts can benefit the digestive tract by increasing the activity of digestive enzymes of gastric mucosa, potentially improving laying performance. In the current study, the significant improvement in the FCR and the slight increase in egg mass suggest that the MLE provided a beneficial effect during oviposition and further enhanced the conversion of digested feed into eggs. The improvement in the oxidative status of the laying hens also may explain the improved FCR. Moreover, according to the results, the yolk weight, shell weight, shell strength, shell thickness, Haugh unit, and yolk color significantly increased with ML supplementation. Abdel-Waretha and Lohakareb (2014) observed that the eggs of laying hens supplemented with peppermint during the late laying period demonstrated an improved shell weight, shell thickness, and Haugh unit. Liu et al. (2013) reported that adding 0.4% quercetin could significantly improve the Haugh unit and antioxidant capacity of eggs in late laying hens. A previous study showed that antioxidant properties are critical to maintaining the antioxidant protection of the oviduct during eggshell formation (Surai, 2000) . Radwan Nadia et al. (2008) also revealed that supplementation with Curcuma longa (turmeric) may improve the environment in a hen's uterus (which is the site of calcium deposition) and consequently increase shell weight and shell thickness. Therefore, increases in the yolk weight, shell weight, shell strength, and shell thickness may be attributed to the antioxidant activities of ML, which may provide healthy uterine (uterus: calcium deposition site) and ovarian (ovary: yolk formation site) environments. Yolk color is an essential quality trait of eggs. We observed that the yolk color increased with the ML levels; this may be attributed to the natural pigments in ML, such as xanthophylls (Oku, 1930) .
Considering the great structural diversity of phytochemicals, defining structure-activity relationships or any other commonalities to deduce their underlying molecular mechanisms is not feasible ; hence, modulating cellular signaling involved in oxidative response by antioxidant agents represents a promising approach for assessing the signal transduction network. ROMO1 is a redox-sensitive factor that regulates intracellular ROS production (Lee et al., 2015) . Previous studies have reported that an increase in ROMO1 expression in response to external stresses facilitates ROS production (Chung et al., 2012) , and it further affects cells through oxidative stress-induced proliferation, apoptosis, and senescence Shin et al., 2013) . NOX is also one of the most vital free radicals and ROS producers within the cell (Bedard and Krause, 2007) . The presence of NOX enzymes, along with the overexpression of ROMO1 and high exposure to oxygen and other stressors, make animals particularly susceptible to oxidative stress-related pathologies and carcinogenesis (Block and Gorin, 2012; Lee et al., 2015) . The significantly lower ROMO1 levels in the ML-supplemented laying hens offer a comparative advantage, which suggests that lower serum oxidative levels might reflect the inhibition of ROMO1-induced ROS production. By contrast, Nrf2 is a redoxsensitive transcription factor that localizes in the cytoplasm, where it interacts with Kelch-like ECHassociated protein 1 (Keap 1), an actin-binding protein, under normal conditions (McMahon et al., 2006) . However, signals from ROS or electrophilic insults target the Nrf2-Keap1 complex that dissociates Nrf2 from Keap1 . The activated Nrf2 reacts with antioxidant response elements (AREs) to regulate the expression of downstream antioxidant genes, such as GST and HO-1, to achieve antioxidant/detoxifying effects (Sahin et al., 2013) . In the present study, dietary supplementation of 0.5% ML significantly elevated Nrf2 mRNA expression and upregulated HO-1 and GST gene expression; our results are in agreement with those of Na and Surh (2008) , who determined that EGCG, a main phenolic compound in green tea, induced the activation of antioxidants or phase II detoxifying enzymes by regulating the transcription of Nrf2 and Nrf2-regulated HO-1. A similar positive effect from curcumin is also present in the literature (Shen et al., 2006) . HO-1 induction is one of the early events in cell response to stress; it plays a protective role by degrading the intracellular levels of the prooxidant heme and by producing biliverdin, the precursor of bilirubin, which stands for an endogenous molecule with potent antioxidant features (Calabrese et al., 2006) . The increased eggshell weight and shell strength that follow the addition of ML may be attributed to improved oxidative status, as indicated by the underlying indirect molecular changes and the direct serum oxidative indices; moreover, the diminished FCR in the ML-supplemented groups may further address the potential improvements in oxidative status in birds. In this study, the ML treatments have quadratic responses on production performance and egg quality for each period in laying hens. However, the dietary ML treatments have a quadratic response on egg mass at 9 to 12 wk and FCR at 9 to 12 wk and one to 12 wk, in which dietary ML treatments were observed with the highest value of reaction being reported only 1.43, 1.39 and 1.37%, respectively. A dietary ML supplement in maximum stimulation of production performance and egg quality was observed with the highest value of reaction being reported as 1.66% ML-supplemented according to linear and quadratic responses.
On the basis of our study, we conclude that 0.5% ML can be used as a new feed additive to potentially exert antioxidant effects, possibly mediated in an Nrf2/AREdependent manner, and thus further improve the performance and egg quality of laying hens.
